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XPSThe use of titanium diboride ﬁlms as protective coatings was proposed for several applications because of its
mechanical and tribological properties, as well as chemical and thermal stabilities. The aim of this work is to
evaluate the effects of the deposition parameters on themicrostructure andmechanical properties of titanium
diboride ﬁlms. All ﬁlms were deposited on silicon substrates by dc-magnetron sputtering from a
stoichiometric TiB2 target in argon atmospheres. The chemical composition was determined by Rutherford
backscattering spectroscopy (RBS), while structural information was obtained by X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD). The intrinsic stress of the ﬁlmswas determined bymeasuring
the change of the substrate curvature due to ﬁlm deposition. Surface roughness was studied by Atomic Force
Microscopy (AFM). The ﬁlm hardness and elastic modulus were determined by nanoindentation
measurements. The correlation between the mechanical properties with the ﬁlm density is presented. The
internal stress reduction occurs with substantial reduction of the ﬁlm hardness, and it occurs for ﬁlms with
low mass density.).
lsevier OA license.© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Titanium diboride, TiB2, is a well-known ceramic compound with
hexagonal structure. The high hardness and Young's modulus of TiB2
as well as its chemical resistance are attributed to crystal structure
and atomic bonding of the compound [1]. Due to these properties, TiB2
ﬁlms have been considered as protective coatings for several
applications, including wear and corrosion protection of magnetic
recording media and cutting tools [2,3]. Titanium diboride thin ﬁlms
were obtained by various techniques, such as reactive sputtering [4],
plasma enhanced CVD [5], ion beam sputtering [6], pulsed laser
deposition [7,8] and rf- and dc-magnetron sputtering [9–14]. Among
these techniques, dc-magnetron sputtering appears to be the most
appropriate method for protective coatings applications due to the
low deposition temperature, the possibility of using substrates with
complicated geometries and the relatively high deposition rate
without the use of poison gases. The TiB2 ﬁlms deposited using this
technique have attracted increasing attention due to their mechanical
and tribological properties [14–17].
Despite intensive investigation, only a few commercial applica-
tions of TiB2 ﬁlms exist. The main reason is the observed high
compressive stress of the ﬁlms. It has been recognized that the stress
in coatings, built-up either during or after their deposition, may
signiﬁcantly affect their performance. Films can fail by buckling orcracking depending on the state of stress. Low-stress super-hard TiB2
ﬁlms were obtained by controlling both the substrate temperature
and ion bombardment [17]. Films with hardness of 77 GPa and with
low macro stress, as determined by X-ray diffraction (XRD), were
obtained by argon sputtering of a TiB2 targetwith the substrate kept at
550 oC and biased with−50 V [17]. The results were explained as due
to an increase in the adatom mobility due to the energy supplied by
both ion bombardment and heating. Enhancement of the adatom
mobility in the growing ﬁlm surface was also obtained by electron
irradiation during ﬁlm growth when a positive bias was applied to the
substrate, resulting in TiB2 ﬁlms with lower stress levels [16]. Another
route to limit the stress that is built-up in coatings and the crack
initiation and propagation in ceramic ﬁlms, like TiB2, is the use of a
DLC (diamond-like carbon)-ceramic multilayer [18]. In this case, the
substrate must be kept at low temperature since heating causes
deleterious effects on DLC ﬁlm properties [19]. The incorporation of
nitrogen during ﬁlm growth, resulting in nanocomposite TiBN
coatings with low stress was also proposed [20].
The main purpose of this work was to analyze how some
deposition parameters, more speciﬁcally, the deposition pressure
and the bias applied to the substrate, modify the structural and
mechanical properties of TiB2 ﬁlms deposited by dc-magnetron
sputtering with the substrate kept at low temperatures.
2. Experimental procedures
The ﬁlms were deposited on Si (100) substrates by dc-magnetron
sputtering from a 3-inch diameter TiB2 target (99.5% pure) in argon
Table 1
Film composition, density, deposition rate and applied power are presented as
functions of the substrate bias voltage (0 V=grounded substrate) and the deposition
pressure.
Bias/pressure Composition
(at. %)
Density
(g/cm3)
Deposition
rate
(nm/min)
Applied
power
(W)
Ti B O
−100 V 0.8 Pa 31 63 6 4.9±0.5 0.7 23
−50 V 0.8 Pa 30 61 9 4.8±0.5 0.9 27
0 V 0.15 Pa 26 68 6 4.5±0.4 0.8 19
0 V 0.36 Pa 28 64 8 4.3±0.4 1.0 25
0 V 0.8 Pa 30 63 7 4.1±0.4 1.2 31
0 V 1.0 Pa 26 60 14 3.8±0.5 2.0 38
0 V 2.0 Pa 27 59 14 3.9±0.5 2.1 49
+50 V 0.8 Pa 27 65 8 3.9±0.4 2.6 51
+100 V 0.8 Pa 25 67 8 3.7±0.4 3.8 59
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cleaned in acetone, isopropyl alcohol and distilled water. The
substrates were placed on a water-cooled copper cathode. The
substrate temperature was kept lower than 100 °C during deposition.
The target-substrate distance was 18 cm. In all cases, the voltage
applied to the target was−350 V. Prior to deposition, the background
pressure was pumped down to approximately 10−4 Pa. Then, the TiB2
target was cleaned with argon rf-etching (150 W) for 30 min at a
pressure of 1 Pa with a shield between the substrates and the TiB2
target to avoid contamination of the substrates during the cleaning
procedure. A residual gas analyzer model RGA100 from Stanford
Research Systems can be connected to the chamber in order to control
the presence of contaminants in the deposition atmosphere.
Two series of samples were prepared. In the ﬁrst series, TiB2 ﬁlms
were deposited in argon atmosphere while varying the dc voltage
applied to the substrate in the range between −100 V and +100 V
and keeping the deposition pressure ﬁxed at 0.8 Pa. For the second
series, TiB2 ﬁlms were deposited in argon atmosphere at different
deposition pressures in the range between 0.15 and 2 Pa, keeping the
substrate holder grounded. Within 5%, the ﬁlms used in the present
study are 240-nm thick.
Rutherford Backscattering Spectroscopy (RBS) was used to
determine the composition of the ﬁlms. The ﬁlm density was obtained
by combining the areal atomic density (atoms/cm2), provided by RBS,
and the ﬁlm thickness, determined by proﬁlometry. The boron,
titanium and oxygen contents were determined by RBS using a
1.8 MeV He+ beam that impinged the sample normal to the surface.
Up to this energy, the alpha particle elastic scattering by 11B is
essentially Rutherford. He+ beams were provided by a 4 MV Van de
Graaff accelerator KN-4000 from High Voltage Engineering Corpora-
tion. Details of RBS characterization are published elsewhere [21].
The chemical environment of the elementswasdetermined byX-ray
photoelectron spectroscopy (XPS). The photoelectron spectra of B1s and
Ti2p core levels were monitored using a VG CLAM4 hemispherical
analyzer with a Mg Kα X-ray source (hν=1253.6 eV). The surface
sample was positioned at 90° with respect to the electron analyzer. A
1.0 keV-Ar+ beamwas used for surface cleaning. The pressure chamber
during sputtering was kept at approximately 10−4 Pa. The crystallo-
graphic structure of the ﬁlms was analyzed by X-ray diffraction (XRD)
using a Bragg–Brentano diffractometer (Bruker AXS D8 Advance) in θ–
2θ conﬁguration. The diffractometer used the Cu Kα line at 0.15418 nm
as the X-ray source.
The sample surface topography was studied by Atomic Force
Microscopy (AFM) using a Nanoscope IIIa atomic force microscope.
The surface images were obtained in tapping mode with a Si cantilever
(k=30 N/m). The samples were scanned in air, over scanning areas of
400×400 nm2. RMS roughness values were obtained from the AFM
images using theWSxM 4.0 code [22]. A JEOL JSM-6701F ﬁeld emission
scanning electron microscope (FEG-SEM) was used for cross-section
images of the samples.
The average stress of the ﬁlms was obtained by comparing the
deﬂection of the substrate before and after ﬁlm deposition, as
described in detail elsewhere [23]. The stress, in GPa, was computed
from the well-known Stoney's equation:
σi =
1
6
⋅ Es
1−νs
⋅ t
2
s
tf
⋅ 1
R−R0
 
ð1Þ
where Es and ν are Young's modulus (112.74 GPa) and Poisson ratio
(0.42), respectively, of the silicon substrates, ts is the thickness of
substrate (500 μm) and tf the thickness of the ﬁlm. In this formula R0
and R are the curvature radius of the substrate before and after
deposition of the ﬁlm, respectively. Eq. (1) can be used when the
substrate is much thicker than the deposited ﬁlms.
Nanoindentation experiments were performed using a TI 900
Triboindenter from Hysitron Inc. equipped with a Berkovich diamondprobe tipwith a curvature radius of 50 nm. In each test, an indentation
curve is obtained by plotting the applied force P, against the tip
penetration depth h. The applied force is controllably changed with
time following a three-segment load function while the value of h is
being recorded. The applied force is ﬁrst linearly increased from zero
to a maximum value in 5 s, it is kept at the maximum value for 2 s
(hold time), and then it is linearly decreased down to zero in 5 s. The
segment times were kept constant in all measurements, regardless of
the value of the maximum applied force. To minimize the experi-
mental error, each test was repeated 10 times. The hardness and
elastic modulus characteristics of the material were derived from the
nanoindentation curves [24]. The drift during the nanoindentation
tests was measured and compensated for each test. Before an actual
indentation, the system software holds the tip on the surface and
measures the tip displacement during 40 s. The last 20 s are used to
calculate the drift rate, which is used to correct for drift in subsequent
displacement measurements. A fused silica sample was used to check
the experimental procedure and the calibration of the apparatus.
3. Results and discussion
The chemical composition of the ﬁlms was determined by RBS. The
RUMP code [25] was used to simulate the spectrum and obtain the
ﬁlm composition. The simulationwas done assuming a constant depth
proﬁle for the elements, including oxygen and takes into account the
natural boron isotopic ratio. The results of the RBS analyses, together
with the density, are presented in Table 1. The typical absolute errors
in the atomic concentrations are 2 at.% for titanium, 7 at.% for boron
and 2 at.% for the oxygen concentration. As a general rule, the
compositions of the ﬁlms are over-stoichiometric, within the
experimental sensitivity of the technique, with all samples showing
oxygen contamination. Despite large scattering in the data, the over-
stoichiometric character of the TiB2 ﬁlms deposited by sputtering was
reported by other groups [15,26]. Reduction of the oxygen contam-
ination in the ﬁlm was correlated with the etching time of TiB2 target
before ﬁlm deposition. However, oxygen concentration lower than
6 at.% could not be obtained even with a longer cleaning procedure.
Residual gas analyses revealed that the presence of oxygen cannot be
attributed to argon contamination or any leakage during deposition.
This fact suggested that oxygen came from the adsorption of
atmospheric moisture.
The ﬁlm density is reported in Table 1. It decreases when the
applied bias changes from negative to positive. The observed trend
can be explained by ion bombardment when the substrate is
negatively biased, since high-energy ions impinge the surface of the
growing ﬁlm enhancing the mobility of the atomic species and
resulting in a densematerial. In the case of ﬁlms deposited at different
pressures onto grounded substrates the ﬁlm density decreases upon
the increase of the deposition pressure. As was already shown for
Fig. 1. Typical Ti2p XPS spectra obtained from a TiB2 ﬁlm deposited at 0.8 Pa and
grounded substrate: (a) as-deposited; (b) 2 min of Ar+ sputtering; (c) 4 min of Ar+
sputtering; (d) 6 min of Ar+ sputtering and (e) 10 min of Ar+ sputtering.
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[23,26], two competitive deposition mechanisms must be considered
to explain the observed data. One corresponds to “ballistic” target-to-
substrate deposition, in which atoms ejected from the target transfers
a large amount of energy and momentum to the growing ﬁlm. This is
predominant for ﬁlms grown with low deposition pressure. The other
mechanism consists of a gentle deposition of thermalized atoms that
diffuse through the plasma gas and eventually reach the ﬁlm. This is
more important for ﬁlms deposited at the highest deposition
pressures. The observed decrease in density for higher pressures is
related to the change from the ballistic arrival of target ejected atoms
to the gentle deposition of thermalized atoms. The less dense
microstructure is probably responsible for the observed higher
oxygen content of ﬁlms deposited with deposition pressures higher
than 0.8 Pa, as a result of the adsorption of atmospheric moisture in a
porous material.
XPS was used to determine the chemical states of Ti and B at
different depths through the ﬁlm. High-resolution XPS in the B1s and
Ti2p energy region were measured. Ti2p XPS spectra of a TiB2 sample
deposited at 0.8 Pa on a grounded substrate are plotted in Fig. 1 as a
function of the sputtering time. The spectrum obtained from the as-
deposited sample, Fig. 1 (a), is dominated by the presence of TiO2,
while the spectrum obtained after 10 min of argon sputtering, Fig. 1
(e), shows Ti atoms in two chemical environments. The Ti2p3/2 and
Ti2p1/2 peaks located at the binding energies of 459 eV and 464.8 eV,
respectively, can be assigned to TiO2, while the peak at 454.8 eV is due
to the presence of Ti bonded to B in TiB2 (Ti2p3/2) [27,28]. The Ti2p XPSFig. 2. AFM images obtained from titanium boride ﬁlms as a function of the suspectra of TiB2 ﬁlms prepared with different deposition conditions are
quite similar to those presented in Fig. 1, showing TiO2 as the
dominant phase at the sample surfaces and with a bulk composed of
both TiB2 and titanium bonded to oxygen.
The spectra in the B1s region reveal the absence of boron oxide at
the surface, because the spectra consist of a single peak at 188 eV that
can be attributed to both TiB2 and metallic boron. XPS technique
cannot distinguish the two phases because in both cases the B1s
binding energy are nearly the same. In fact, if oxidized boron exists at
the sample surface or in the bulk, a peak at around 192.5 eV must be
present in the spectra. The spectra obtained from an argon-sputtered
surface are identical, showing that boron oxide is absent in the bulk of
the ﬁlms as well. The absence of boron oxide at the surface was
explained by the thermochemical properties of TiB2, B2O3 and TiO2, as
discussed by Huang and collaborators [27]. They show that the
oxidation reaction
TiB2 þ O2→TiO2 þ 2B ð2Þ
is thermodynamically favorable, even at room temperature, because
TiO2 (and other sub oxides) are more stable than boron oxide and
TiB2.
X-ray diffraction (XRD) θ–2θ scans patterns of TiB2 samples show a
strong peak located at about 2θ=29.2°, assigned to (001) TiB2,
revealing the strong orientation of the material with the basal plane
parallel to the substrate surface, as already shown by other authors
[9,11,14,16]. As was previously revealed by transmission electron
microcopy measurements (TEM), over-stoichiometric TiB2 ﬁlms
deposited by sputtering with a pronounced (001) texture have a
dense columnar structure [14]. Cross-section SEM images taken from
our samples conﬁrm the presence of the columnar structure.
AFM was used to investigate the surface topography and to obtain
the absolute values of the RMS roughness. Fig. 2 shows AFM images
(400×400 nm2) obtained from the surfaces of TiB2 ﬁlms deposited
with substrate bias voltages of −100 V and +100 V. The images
clearly show the granular surfaces of the samples, with larger grains at
the surface of the ﬁlm deposited at −100 V. It was found that
increasing the bias voltage for positive values the surface roughness
increases from 1.2 to 1.7 nm, while it increases from 1.2 nm to 3.0 nm
when the pressure increases from 0.15 to 2.0 Pa. It reveals that the
ﬁlms deposited under a more intense bombardment of heavy species,
i.e., negative substrate bias or low argon pressure, present lower
roughness, and it is attributed to the enhancement of the surface
mobility when the bombardment regime is present during ﬁlm
growth, removing asperities, voids and defects in thematerial, leading
to smoother surfaces.bstrate bias voltage: (a) −100 V, (b) +100 V (scan area 400×400 nm2).
Table 2
Hardness and internal stress as functions of the substrate bias voltage (0 V=grounded
substrate) and the deposition pressure.
Bias/pressure Stress (GPa) Hardness (GPa) Elastic modulus (GPa)
−100 V 0.8 Pa −2.9±0.7 23±3 200±20
−50 V 0.8 Pa −2,6±0.5 15±2 165±18
0 V 0.15 Pa −1.5±0.3 – –
0 V 0.36 Pa −0.6±0.3 14±3 150±18
0 V 0.8 Pa −1.2±0.3 13±2 150±20
0 V 1.0 Pa −1.0±0.3 – –
0 V 2.0 Pa −1.5±0.6 14±3 150±19
+50 V 0.8 Pa −0.1±0.3 – –
+100 V 0.8 Pa 0.9±0.7 13±2 120±18
Fig. 4. Hardness as a function of the density. The line is only to guide the eyes.
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the deposition parameters. The stress of ﬁlms deposited on negatively
biased substrate is compressive. It was found that it increases with the
negative substrate bias. Similar results were previously reported by
many groups [2,14,15,17,29,30]. In Fig. 3 we plotted the internal stress
as a function of the density. It is clear that high density ﬁlms have high
compressive stress, while ﬁlms with much lower density are stress-
free or present tensile stress. The results for the ﬁlm stress deserve a
careful discussion. In fact, it is known that one of the main limitations
for large scale application of TiB2 ﬁlms is the high compressive stress
observed in ﬁlms deposited with negative substrate bias. There are
reports in the literature of TiB2 ﬁlms with hardness in the 40–50 GPa
range and the internal compressive stress around 4 GPa or even
higher [9,15]. However, stress-free TiB2 ﬁlms preserving their super-
hard character can be obtained by dc-magnetron sputtering when the
substrate was kept at 550 °C [17]. An important reduction of stress
was obtained for ﬁlms deposited with grounded substrates at 300 °C
[10]. Also, the residual stresses can be signiﬁcantly reduced if the TiB2
ﬁlms are deposited by magnetron sputtering with heated substrates
and positive bias applied to the substrate [16].
A proposed explanation for the above mentioned results combines
substrate heating and electron radiation enhanced diffusion mecha-
nism. Besides the thermal activity due to the heating of the substrate,
high-energy electrons extracted from the plasma by the positive bias
applied to the substrate supply additional energy to enhance adatom
mobility at the surface of the growing ﬁlms resulting inTiB2 ﬁlms with
lower stress. These results suggest that an increase of adatommobility
apparently plays the main role in the observed reduction of the stress
despite the denser microstructure. However, the situation is more
complex. In fact a direct relation between compressive stress and the
density for ﬁlms deposited with negative bias applied to the substrate
was previously reported [9].
In our experimental set-up, with a water-cooled substrate holder,
we can discard an important role from heating. The deposition ratesFig. 3. Stress as a function of the density. The line is only to guide the eyes.quoted in Table 1 can be directly correlated with the low power
applied to the plasma. In these cases, we expected lower electron
currents impinging the surface of the growing ﬁlms compared with
other experiments were positively biased substrates and higher
deposition rates were used. Because the momentum transferred in
electron collisions is less efﬁcient to induce mass transport, as occurs
when ions or neutral atoms bombard the surface during ﬁlm growth,
the radiation enhanced diffusion by electrons was not enough to
induce ﬁlm densiﬁcation, as can be veriﬁed by atomic density results
listed in Table 1, suggesting that this less dense structure permits the
relaxation of the ﬁlm nanostructure resulting in ﬁlms with lower
internal stress.
The hardness and elastic modulus of the ﬁlms were obtained by
nanoindentation. Several indentation curves were obtained for each
sample with a progressive higher load up to 1.5 μN. The maximum
penetration depth was always around one third of the ﬁlm thickness
and the obtained hardness values were nearly constant with depth.
The average values for hardness and elastic modulus are quoted in
Table 2. The hardness is plotted as a function of the density in Fig. 4,
while in Fig. 5 the elastic modulus is presented. Despite the scattering
of the data, both hardness and elastic modulus increases with density,
following the same trend observed for the internal stress.
The bulk value of the hardness of TiB2 is 25 GPa [1]. However,
many authors reported hardness of 30–50 GPa for ~1 μm thick
nanocrystalline ﬁlms [10–12,15]. Recent publication shows that
substrate effects are important when nanoindentation experiments
are performed in very thin TiB2 ﬁlms (100 nm thick) using sharp tips
[30]. A difference of a factor of two in the hardness values was
observed when ultra-sharp tips were used. They show that when tips
with radius of 50 nm TiB2 hardness was around 20 GPa, whileFig. 5. Elastic modulus as a function of the density. The line is only to guide the eyes.
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They attribute this result to the fact that a sharper tip resulted in a
higher concentration of stresses below the tip, which forced the
material to yield smaller indentation depth, reducing the substrate
effect. In our case, we do not expect such important inﬂuence of the
substrate because we have thicker ﬁlms, but it cannot be completely
discarded.
4. Conclusions
In this work, TiB2 ﬁlms were deposited by dc-magnetron
sputtering onto Si substrates at room temperature and low deposition
rate. As a general rule the ﬁlms are over-stoichiometric. The oxygen
contamination is more important in low density ﬁlms suggesting that
it is mainly due to the adsorption of atmospheric oxygen via TiO2, as
shown by XPS measurements. XRD measurements indicate a strong
TiB2 preferential (001) orientation. The results for RBS, SEM, XPS and
XRD measurements are compatible with the nanostructure proposed
by recent HRTEM experiments [10] suggesting that the ﬁlms are
composed of a nanometer size TiB2 columnar structure.
We show that signiﬁcant stress reduction occurred for TiB2 ﬁlms
that were deposited at low deposition rates and with the substrate
positively biased without a substantial increase in the substrate
temperature during deposition. However, the observed stress reduc-
tion was accompanied by hardness and ﬁlm density reduction. The
stress reduction was attributed to the low density nanostructure of
the ﬁlms that permits structural relaxation. It is clear that more
investigation is still needed for a complete understanding of the stress
behavior in TiB2 ﬁlms.
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